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Low resolution methods can provide exact mass data comparable to that obtained with high
resolution instrumentation and offer potential advantages in throughput and robustness.
However, low resolution exact mass techniques have realized limited use largely because of
the possibility of errors caused by unresolved interferences. Here the utility of statistical peak
shape analysis for determining unresolved interferences at low resolution is considered.
Equations describing the effect of unresolved interferences on statistical peak shape parame-
ters are developed and used to investigate the extent to which evaluations of peak shape can
be used to reduce the likelihood of mass measurement errors. Peak shape analysis is shown to
be a highly effective and sensitive method of determining unresolved interferences. Mass
measurement errors resulting from undetermined interferences are found to increase with
increasing relative abundance of the interfering peak, to increase with decreasing resolution,
and to increase with decreasing precision in the intensity measurement. At low resolution,
undetermined interferences as small as a few percent relative abundance can produce mass
measurement errors in excess of 5 ppm. Peak shape analyses alone do not appear adequate to
eliminate the risk of significant mass measurement errors resulting from unresolved interfer-
ences at low resolution. (J Am Soc Mass Spectrom 1998, 9, 789–798) © 1998 American
Society for Mass Spectrometry
Mass spectrometric exact mass measurementsare widely used to determine or confirm theelemental composition of organic compounds.
The technique consists of measuring the mass of a
monoisotopic peak characteristic of the intact molecule
with accuracy and precision sufficient to distinguish it
from the masses of all or most other plausible elemental
compositions [1, 2]. The precision required to establish
the elemental composition of an analyte depends on the
specific situation [3], however, for small organic mole-
cules (molecular weight under 1000 Da) a measured
mass within 5 ppm of the mass for the proposed
composition is generally accepted as adequate to con-
firm the composition of the analyte [4]. Although many
other mass spectrometric approaches for establishing
elemental composition have been proposed and find
some utility [5–7], the exact mass approach is clearly the
most effective and widely accepted. Indeed, virtually
any structure proof, whether for a scientific journal,
government agency, or internal organization, is re-
quired or expected to include an exact mass analysis to
verify the elemental composition of the sample.
The mass measurement accuracy and precision re-
quired to establish elemental composition can be ob-
tained with both high resolution instruments (i.e., dou-
ble-focusing sector [8] and Fourier-transform ion
cyclotron resonance [9] instruments) and low resolution
instruments [e.g., single focusing sector [10], quadru-
pole, [11–13] and time of flight (TOF) instruments].
Historically, exact mass measurements have been per-
formed almost exclusively with high resolution mass
analyzers, principally for two reasons: (1) conventional
mass calibration procedures often utilize mass reference
materials that generate many peaks that must then be
separated from the analyte peak using relatively high
resolution and (2) high resolution increases the likeli-
hood of detecting interfering peaks that might other-
wise distort the shape of the analyte peak and cause
errors in the measured mass.
In spite of the great success of high resolution
techniques, approaches utilizing low resolution mass
analyzers continue to generate interest. The principle
reasons for this interest seem to be: (1) the relatively low
cost and prevalence of such instrumentation, (2) the
flexibility and robustness of the mass analyzers and of
the available ionization techniques, and (3) the sample
introduction and mass calibration techniques permit
data acquisition and mass calculations to be automated,
greatly enhancing throughput and efficiency. Several
commercial vendors now offer low resolution instru-
ments capable of providing 5 ppm mass accuracy over
wide mass ranges using a single lock mass. For exam-
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ple, the Micromass Q-Tof hybrid mass spectrometer
used in the studies reported here has a demonstrated
mass accuracy of better than 5 ppm over the mass range
300–900 Da using the [M1H]1 from reserpine (nominal
m/z 5 609 Da) as the lock mass. The single lock mass
techniques obviate the need to resolve analyte peaks
from mass reference peaks. The principal drawback of
low resolution approaches remains the increased poten-
tial for mass measurement errors due to unresolved
interferences.
There are many ways to determine the presence of
unresolved interferences in mass spectral data, for
example: interferences can be determined (1) by the
resultant distortions to the measured isotope pattern,
(2) by shifts in the measured mass of the analyte peak as
the relative abundances of analyte and interference are
varied (e.g., across a GC or LC peak), and (3) by the
resultant distortion of the spectral peak shape or profile.
Each of these approaches has its advantages and limi-
tations. The potential utility of peak shape evaluation in
analyses of complex mixtures at both high and medium
resolution has long been recognized [14, 15]. Interfer-
ences can be detected by their effect on the shape of the
measured mass spectral peak at resolutions well below
that required to actually resolve the interference. In this
report explicit methods for determining unresolved
interferences by evaluating statistical peak shape pa-
rameters are presented and their utility in low resolu-
tion exact mass applications are investigated.
The equations and examples reported here are for
time-of-flight mass analyzers. The principals and con-
clusions, though, are general and should be applicable
to all types of mass analyzers. Analogous equations for
other mass analyzers/peak shapes can be derived fol-
lowing the reasoning outlined below.
Experimental
All data were acquired with a Micromass Q-Tof hybrid
mass spectrometer operated in the positive electrospray
mode. The data were acquired from 150 to 1000 Da in
2 s with a 0.1 s interscan time. Samples were introduced
with an HP1100 LC using a Zorbax XDB-C8 column
(2.1 3 50 mm) and an isocratic flow of 70% acetonitrile/
0.1% acetic acid at 0.1 mL/min. A reserpine solution
with a concentration of 1 ng/mL was added to the
effluent flow at a rate of 1 mL/min via a tee-connector
just before the ion source. This produced a response for
the [M1H]1 species (m/z 5 609 Da) of between 100
and 150 counts/s. (Lock mass and sample peak inten-
sities used in these studies were constrained to the
range of 100 to 150 counts/s in order to avoid system-
atic distortion of the peak shape that can occur at larger
intensities due to detector dead time. These distortions
can negatively impact the mass measurement and the
peak shape analysis. It is anticipated that this shortcom-
ing will eventually be alleviated.) The concentrations of
the samples were formulated such that the major mono-
isotopic peak containing the intact analyte (generally
[M1H]1) gave a response at the top of the chromato-
graphic peak about twice as large as that of the reser-
pine. Spectra for the exact mass measurement were then
taken from the tail of the chromatographic peak at the
point where the intensity of the sample peak was
approximately equal to that of the reference peak. All
spectra represent an average of 2 to 5 individual scans.
Equations and Principals
Consider the simulated mass spectral peak in Figure 1
comprised of the analyte A, and an unresolved interfer-
ence peak B. The peak shape is Gaussian, the masses of
A and B are 500.0000 and 500.0380 Da, respectively, the
relative abundance of B is 0.2, and the resolution of the
mass spectrometer (defined as mass/full-width at half-
height) is 5000. The mean mass of the observed peak is
500.0063 Da, a deviation of 12.6 ppm from the mass of
the analyte peak A. At this resolution and mass the
effect of the interference on the observed mass of the
peak is significant and its presence cannot be ascer-
tained from a visual inspection of the combined peak.
The presence of the interfering peak has, however,
made the observed peak broader than a “pure” peak
and slightly asymmetric. Analyses of these peak shape
parameters can be used to determine the presence of
unresolved interferences. In this section we will review
the process of determining the presence of unresolved
interferences by analyses of peak shape and investigate
their utility in eliminating mass measurement errors
resulting from unresolved interferences.
The location and shape of a mass spectral peak may
be characterized by the integrated products of the
intensity and the mass raised to the nth power:
Mn 5 E
2`
1`
IMndM (1)
Figure 1. Simulated unresolved interference; analyte: m/z 500
Da; interference: m/z 500.0380 Da, relative abundance 5 0.2; peak
shape is Gaussian; resolution (mass/full-width at half-height) 5
5000.
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where n is an integer greater than 0 and I is the
normalized intensity at relative mass M. These param-
eters are generally known as the moments of the
distribution. The first moment, where n is equal to 1
and the mass is defined relative to zero, is the mean
mass or centroid of the peak and is a measure of the
location of the peak on the mass scale. The second
moment, where n 5 2 and M is defined relative to the
mean mass, is the variance of the peak and is a measure
of the width of the peak. The third moment, where n 5
3 and M is defined relative to the mean mass, is a
measure of the symmetry of the peak and is often
referred to as the skew of the peak. For discrete data,
such as digitalized mass spectral profile data, the mo-
ments of a distribution may be approximated from the
summation of the moments of the discrete points across
the peak profile
Mn 5 O
i
IiMi
n (2)
Ideally, this sum would be performed over all mass
space. However, since measured data generally con-
tains other peaks and/or chemical background noise, it
is usually desirable to perform the summation over a
limited range. Although the “truncated” moments will
deviate from the “true” moments of the distribution, the
principles and methods outlined below will still apply.
It is important to specify the way in which the summa-
tion has been truncated in such cases.
The measured mean mass, variance, and skew for a
peak will include random errors. The measured vari-
ance for analyte A, for example, may be expressed as
the expected or “actual” variance VA, plus or minus an
increment representing the uncertainty sV:
Vmeasured 5 VA 6 sV (3)
By defining sV appropriately (e.g., setting sV equal to
twice the standard deviation in the measurement), we
can be “certain” that the measured variance of a “pure”
peak will fall within the limits defined in eq 3. Because
an unresolved interference increases the observed vari-
ance (see below) any peak found to have a variance
greater than VA1sV is likely to contain an unresolved
interference. This quantity VA1sV will be referred to as
the variance limit Vlim. Assuming that the ratio of the
uncertainty and the true variance, srel 5 sV/VA, is a
constant that is independent of mass, the variance limit
may be written in the more convenient form
Vlim 5 ~1 1 srel!VA (4)
The expected value of the skew for a “pure,” symmetric
peak is 0 Da3. An unresolved interference produces
asymmetry in the observed peak and a shift in the skew;
the sign of the shift depends on whether the mass of the
interference is greater than or less than that of the
analyte (see below). The skew limit is defined simply as
Slim 5 6sS (5)
Any peak with a measured skew that deviates from
zero by an amount greater than Slim is likely to be an
unresolved doublet.
Regardless of the method used to determine the
presence of interfering peaks there can be interferences
that cannot be detected. These undetermined interfer-
ences will still affect the mean mass of the observed
peak and result in errors in the measurement of the
mass of the analyte. It would, therefore, be of great
interest to understand the relationship between the
mass of an unresolved doublet, its shape (i.e., its vari-
ance and skew), and those instrument parameters that
effect this relationship (specifically, instrument resolu-
tion). Below, we explore these relationships, deriving
expressions to characterize the magnitude of the errors
that will result from undetermined interferences, and to
establish the instrumental requirements to reduce the
errors to an acceptable level. It is helpful to begin by
considering the relatively simple situation of a pure or
fully resolved peak. Time-of-flight mass dispersion pro-
duces a Gaussian peak shape; the intensity I at mass M
for a Gaussian distribution is
I 5 ~h/up!e2h
2M2 (6)
where M is the mass relative to the mean mass of the
peak and h is a constant that normalizes the area under
the distribution to unity. Substituting the right-hand
side of eq 6 into eq 1 for I,
Mn 5 ~h/up! E
2`
1`
Mne2h
2M2dM (7)
and solving the integrals gives the variance of a Gauss-
ian peak for component A, VA, as
M2 5 VA 5 1/ 2h
2 (8)
To express eq 8 in more useful terms, let us define the
resolution of a TOF mass spectrometer as the mean
mass of the peak divided by its full-width at half-height
R 5 mm/ 2um1/2 2 mmu (9)
where mm is the mean mass of the peak and m1/2 is the
mass at which I is one-half the height of the peak.
Rearranging eq 9 gives the mass at half-height relative
to the mean as
um1/2 2 mmu 5 mm/ 2 R (10)
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Replacing M in eq 6 with the right-hand side of eq 10,
setting I equal to one-half the peak height (which is
one-half the normalization factor, I 5 h/2up), and
solving for h gives
h 5 2~mm/ 2 R! ln ~0.5!
1/2 (11)
And, replacing h in eq 8 with the right-hand side of eq
11 gives an expression describing the variance of a
resolved TOF peak in terms of the mass of the peak and
the resolution of the instrument:
VA 5 2~mm/ 2 R!
2/ 2 ln ~0.5! (12)
Now, consider the more complex situation with two
overlapping or unresolved peaks, such as A and B in
Figure 1. The intensity of the combined peak IC at mass
M relative to the mean mass of the combined peak is
IC 5 AA~hA/up!e
2hA
2 ~M2DmA!2
1 AB~hB/up!e
2hB
2 ~M2DmB!2 (13)
where AA and AB are the normalized abundances for
components A and B, hA and hB are the normalization
constants for the respective components, and DmA and
DmB are the mean masses of the component peaks
relative to the mean mass of the combined peak. Re-
placing I in eq 1 with the expression in eq 13, solving
the integrals, and utilizing eq 8 we find
VC 5 AAVA 1 ABVB 1 AAABDm
2 (14)
where VA and VB are the variances for components A
and B, and Dm is the difference in the mean masses of
the component peaks. From eq 14 we see that the
variance for an unresolved doublet is dependent on the
relative mass and relative abundance of the interfer-
ence; variance increases as the square of the difference
in the masses of the components and variance initially
increases with increasing relative abundance of the
interference, passing through a maximum as the abun-
dances of the unresolved components become equal.
Figure 2 illustrates this functionality for an instrument
with a resolution of 5000.
The mean mass of an unresolved doublet mc may be
written as
mc 5 mA 1 ABDm (15)
Solving eq 14 for Dm, substituting this result into eq 15,
and rearranging gives an expression describing the
relationship between the mean mass of the unresolved
doublet (relative to the analyte, A) and its variance VC:
mc 2 mA 5 AB@~VC 2 AAVA 2 ABVB!/AAAB#
1/2
(16)
By replacing the variance of the combined peak VC in
eq 13 with the variance limit Vlim defined in eq 4, it is
possible to calculate the maximum deviation in mass,
mc 2 mA, that can result from an unresolved interfer-
ence before it is “detected” by the increase it causes in
the variance.
mc 2 mA 5 AB$@AB~VA 2 VB! 1 srelVA#/AAAB%
1/2
(17)
Equation 17 can be simplified enormously if it is as-
sumed that at the variance limit the term AB(VA 2 VB)
is negligibly small compared to srelVA and can be
ignored.
mc 2 mA 5 AB~srelVA/AAAB!
1/2 (18)
In practice, the error arising from this assumption is
about three orders of magnitude less than the uncer-
tainty in the measured mass. Finally, expanding VA
using eq 12 and rewriting AA in terms of AB yields
mc 2 mA 5 ABmA/R@2srel/8 ln ~0.5!~ AB 2 AB
2!#1/2
(19)
Equation 19 describes the deviation in the measured
mass, mc 2 mA, resulting from the presence of an
unresolved interference B at the limit at which the
presence of B can be determined by its effect on the
variance of the observed peak. This is the maximum
undetermined error; that is, the maximum error in the
measured mass that can result from interferences that
cannot be determined by their effect on the peak
variance. An interfering peak that produces a shift in
the observed mass greater than the maximum undeter-
mined error will necessarily cause a shift in the variance
of the observed peak that is detectable (i.e., which is
greater than the uncertainty in the variance measure-
ment). The maximum undetermined error is dependent
on the relative abundance of the interfering peak AB,
the uncertainty or confidence limit in the variance
Figure 2. Dependence of peak variance on relative mass and
normalized abundance of the unresolved interference peak.
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measurement srel, the mass of the analyte peak mA, and
the inverse of the resolution R. (Note that in this form,
the mass of the interfering peak is a dependent variable
and does not appear in eq 19.)
Equation 19 can be used to estimate the maximum
undetermined error expected for exact mass measure-
ments made under a specific set of conditions. In Figure
3 the maximum undetermined error in the measured
mass resulting from an interference with a relative
abundance of 0.5 is depicted as a function of the
resolution and the uncertainty in the variance measure-
ment (the variance limit of the instrument). For a mass
spectrometer with a variance limit of 10% and a reso-
lution of 5000, for example, the largest error in a mass
measurement that will result from an undetected inter-
ference of this relative abundance is 19 ppm. (Note that,
using eq 15 one can ascertain that the mass of the
interference that causes this maximum undetermined
error is 38 ppm relative to the mass of the analyte.)
Equation 19 allows one to predict the errors arising
from interferences under a specific set of instrument
parameters. It would be very useful, however, to know
what instrument parameters would be required to
accomplish a desired determination. Several useful ex-
pressions are easily obtained by simple rearrangements
of eq 19. For example, the resolution required to achieve
a specific maximum undetermined error in the mea-
sured mass is
R 5 ABmA/~mc 2 mA!
z @2srel/8 ln ~0.5!~ AB 2 AB
2!#1/2 (20)
Further, the resolution required to detect the presence
of a specific interference is
R 5 mA/Dm@2srel/8 ln ~0.5!~ AB 2 AB
2!#1/2 (21)
Note that the resolution calculated with eq 21 is not the
resolution required to fully resolve the interference, but
rather the resolution at which the interference can be
detected by its effect on the variance of the observed
peak. From such expressions we find, for example, that
to achieve a maximum undetermined error of 5 ppm in
the example above (interference present at relative
abundance 5 0.5) will require either increasing the
resolution to 18,991 (for variance limit 5 10%) or
reducing the confidence limit in the variance measure-
ment to 0.7% (for resolution 5 5000).
The third moment, or skew, of a mass spectral peak
arising from two unresolved peaks is also dependent on
the relative masses and abundances of the components,
SC 5 AAABDm@3~VA 2 VB! 1 ~ AA
2 2 AB
2!Dm2#
(22)
The functional dependence of skew on the abundance
of the unresolved interference is more complex than
that observed for the variance, Figure 4. The skew of
unresolved components becomes zero as the relative
proportions of the unresolved components become
equal and the combined peak becomes symmetric. The
sign of the skew depends on whether the lower or
higher mass peak is more abundant.
Under most conditions the (VA 2 VB) term in eq 22
is negligibly small compared to the Dm2 term, making
the skew essentially independent of the mass of the
combined peak and, interestingly, of the resolution of
the instrument. Thus, the confidence limit for the mea-
sured skew of a peak is expected to be a constant that is
dependent only on the uncertainty in the measured
mass and intensity data, and the skew limit is simply
Slim 5 6sS (5)
Replacing the skew of the combined peak, SC, in eq 22
with the confidence limit for the measurement, assum-
ing that the (VA 2 VB) term is negligibly small and can
be ignored, and solving for the mean mass of the
Figure 3. Dependence of maximum undetermined error in mass
on resolution and uncertainty in peak variance measurement.
Relative abundance of interference is 0.5. Open circle indicates
maximum undetermined error for resolution 5 5000 and variance
limit 5 10%.
Figure 4. Dependence of peak skew on relative mass and nor-
malized abundance of the unresolved interference peak.
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combined peak relative to the mass of component A
gives
mc 2 mA 5 AB@sS/~ AB 2 3AB
2 1 2 AB
3!#1/3 (23)
The error caused by ignoring the (VA 2 VB) is generally
much less than 0.1 ppm, significantly smaller than the
uncertainty in the mass measurement. Note that the
mass shift described by eq 23 does not depend on
resolution. The mass shift at the detection limit for the
variance, eq 19, is dependent on resolution because the
uncertainty limit Vlim is dependent on resolution,
changing with resolution in proportion to VA as de-
scribed in eq 12.
Results
Figure 5 shows typical peak profile data acquired with
the Micromass Q-Tof LC-MS system under conditions
appropriate for exact mass measurement (i.e., peak
intensities between 100 and 150 counts/s). The profiles
deviate significantly from the expected Gaussian distri-
bution near the baseline, most notably on the high mass
sides of the peaks. To avoid errors caused by these
distortions, peak centroiding (mean mass calculation)
and variance and skew calculations were performed
using the top 90% of the peak profiles. Truncating the
peak shape parameters could make it more difficult to
determine the presence of very low abundance interfer-
ences and distort the relationships described in the
previous section. Consider the simulated examples in
Table 1. In each example, the relative changes in the
variance and in the mean mass caused by the interfering
peaks are smaller for the truncated parameters than for
those calculated using the full distributions. However,
for the more abundant interferences, AB 5 0.8 and 0.5,
the differences between the truncated and full distribu-
tion values are very small and may be considered
negligible. For the lower abundant interferences, AB 5
0.2 and 0.05, the effects of truncation are more pro-
nounced. Interfering peaks that produce detectable in-
creases in variance (100%) (i.e., those that increase the
variance calculated from the full distribution by an
amount equal to or greater than the variance limit; here
assumed to be 8.8%) produce smaller increases in
variance (90%); indeed, the increases are significantly
less than the variance limit. This is mitigated, however,
by the reduced affect the interferences have on the
truncated mean mass. For example, variance (100%)
exhibits a detectable increase for the 5% interference at
m/z 500.0560 Da while variance (90%) does not; but, the
error in mean mass (90%) is 4.5 ppm, whereas the error
in mean mass (100%) is 5.3 ppm. The 5% interference at
m/z 500.0717 Da causes a detectable increase in vari-
ance (90%) and an error in the mean mass (90%) of 5.2
ppm. The maximum undetermined error at the variance
(90%) limit is actually slightly less than the maximum
error predicted by eq 19. In general, it was found that
the error in mean mass (90%) at the variance (90%) limit
deviated from the values predicted by eq 19 by less than
2%. The exact behaviors of the truncated peak shape
parameters cannot be calculated directly, however, the
behaviors of variance (90%) and skew (90%) appear to
be well approximated by the equations derived above
for the full parameters.
The resolution of the Micromass Q-Tof was esti-
mated by comparing measured peak profiles to simu-
lated Gaussian distributions and adjusting the resolu-
tion used in the simulation until the sum of the square
of the residuals was minimized. Resolution was defined
as the mass divided by the full-width at half-height, eq
Figure 5. Typical peak profile data obtained with Q-Tof system
under exact mass measurement conditions.
Table 1. Simulated unresolved interferences; results for truncated and full distributions
Mass A Mass B
Relative
abundance
of Ba (Da)
Mean
mass
(100%)
Mass error
(ppm)
Increase in
varianceb
(100%)
Mean
mass
(90%)
Mass error
(ppm)
Increase in
varianceb
(90%)
Maximum
undetermined
error from
eq 19 (ppm)
500 500.0240 0.8 500.0107 21.32 8.8% 500.0106 21.22 8.8% 21.31
500 500.0253 0.5 500.0084 16.85 8.8% 500.0084 16.70 8.7% 16.84
500 500.03196 0.2 500.0053 10.65 8.8% 500.0053 10.61 7.8% 10.65
500 500.0330 0.2 500.0055 11.00 9.4% 500.0054 10.83 8.8% 10.65
500 500.0560 0.05 500.0027 5.33 8.8% 500.0023 4.53 6.1% 5.33
500 500.0717 0.05 500.0034 6.82 14.4% 500.0026 5.21 8.8% 5.33
aRelative to the abundance of A.
b(Variance of doublet/variance of pure peak) 2 1, in %; variance limit 5 8.8%.
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9. The Gaussian distribution was calculated using eq 2
and the normalization factor h was calculated with eq
11. The resolution was estimated for peaks from 31
“pure” compounds (presumed to give rise to fully
resolved [M1H]1 peaks) ranging in mass from about
300 to 700 Da. The mean resolution for these analyses
was 5289 with a standard deviation of 191. The esti-
mated values appear to exhibit a slight dependence on
the mass of the peak; a linear least squares analysis of
the data yielded a slope 5 20.59 Da21, intercept 5 5616,
and R2 5 0.066. Although the mass dependence of the
resolution may be real, it will be assumed in the ensuing
analyses that it is negligible and can be ignored.
The variance and skew analyses of measured peak
profiles were performed with an EXCEL spreadsheet
designated AMPKANAL. The program finds the mean
mass of the measured peak profile, simulates the ex-
pected Gaussian distribution at that mass using the
instrument resolution estimated previously and the
same digitalization of the mass scale as the measured
data, and then calculates the variance and skew of the
measured and simulated peaks using eq 2. To estimate
the uncertainty in the variance (90%) measurement a
pure component at nominal m/z 5 609 Da was mea-
sured repetitively and the ratios of the variances for the
measured profiles to those for the simulated profiles,
VMeasured/VSimulated, were determined. The mean value
of the ratios for N 5 20 was 1.071 with a standard
deviation of 0.023. Additionally, individual analyses
were performed on measured peak profiles for 50
randomly selected pure compounds ranging in mass
from about 250 to 850 Da. (None of the 31 analytes used
to estimate instrument resolution were used in this
analysis.) Figure 6 shows the ratios of the measured to
simulated variances for these peaks as a function of the
mass of the peaks. The mean ratio is 0.988 with a
standard deviation of 0.044. The ratios in Figure 6
appear to have a slight negative mass dependence
(slope 5 20.00002 Da21, intercept 5 1.0007, R2 5
0.004). The slope may be the result of assuming that the
instrument resolution is independent of mass and it is
the reason for the larger standard deviation than in the
repetitive analysis at a single mass. This latter estimate
of the uncertainty in the measurement of the variance
srel should be more germane to the exact mass applica-
tion that will require the measurement of peaks over a
mass range similar to that depicted in Figure 6.
Digitalization of a symmetric peak shape introduces
asymmetry into the calculated skew if the sample points
are not distributed symmetrically across the peak. For
example, at a digital sampling rate corresponding to a
mass step size of 0.03 Da (the approximate sampling
rate of the Q-Tof at m/z 500 Da) and a resolution of
5000, offsetting the sampling points from the centroid of
the distribution by just 2 mDa produces an error in the
skew of 1.05 3 1025 Da3 for a peak at m/z 500 Da; at
m/z 1000 Da the error is 4.21 3 1025 Da3. The sign of
the deviation depends on the direction of the offset.
Simulations suggest that the magnitude of the distor-
tion would not be significantly reduced by small (factor
of 2 or 3) increases the digitalization rate. Repetitive
analyses of the m/z 5 609 Da peak gave a mean
measured skew of 21.42 3 1025 Da3; the mean for the
simulated skews (calculated using the same digital
spacing as the measured data) is 23.7 3 1026 Da3. At
this mass, digitalization appears to account for only
part of the systematic error in measuring skew. The
remainder of the error is probably due to actual asym-
metry in the measured peak profiles. The standard
deviation in the repetitive measurement was 8.8 3 1026
Da3. The skews measured for the peaks of the 50 pure
components are plotted against peak mass in Figure 7.
It appears that the magnitude of the deviations increase
with increasing peak mass. This would be consistent
with the expected mass dependence of the digitalization
error. (Note that the actual magnitude of the digitaliza-
tion error will be different for every measured peak,
even for peaks with nearly degenerate masses, because
the digital sampling offset may be any value between
zero and one-half the digitalization step size. Hence, the
scatter in Figure 7.) Attempting to correct for the
digitalization error by subtracting from the measured
Figure 6. Ratio of measured to simulated variances, VMeasured/
VSimulated, for 50 pure peaks as a function of peak mass.
Figure 7. Measured skews for 50 pure peaks as a function of
peak mass.
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value the skew calculated for the simulated peak de-
creased the average deviation in the measured values
only slightly and actually increased the standard devi-
ation for the population. The mean skew (uncorrected)
for the 50 measured peaks is 22.3 3 1026 Da3, with a
standard deviation of 7.2 3 1026 Da3. Because of the
apparent mass dependence, it is again presumed that
this latter analysis will more closely reflect the uncer-
tainty that will be experienced in exact mass applica-
tions.
The confidence limits for the variance and skew, srel
and sS, measured with the Q-Tof can be estimated from
the data in Figures 6 and 7. The confidence level used in
setting these limits will depend on the specific applica-
tion. In the following analyses confidence limits were
set equal to two times the standard deviations esti-
mated above (srel 5 0.088 and sS 5 1.44 3 10
25 Da3),
representing a 95% confidence limit. (The variance test
as described above only requires that the measured
variance be less than or equal to the upper limit of the
uncertainty, VA1sV, the probability of this occurring
for srel equal to two standard deviations is 97.7%.)
Now, consider the simulated example presented
earlier in Figure 1, consisting of an analyte peak at m/z
500 Da and an interference peak at m/z 500.038 Da and
relative abundance 0.2. The mean mass of the combined
peak is 500.0063 Da, a deviation of 12.6 ppm from the
mass of the analyte peak. At the resolution of the Q-Tof
(resolution 5 5289), the variance of a fully resolved
peak at the observed mass is 1.612 3 1023 Da2; the
variance of the unresolved doublet is 1.812 3 1023 Da2,
12.4% larger than the expected value. This increase is
greater than the variance limit for the instrument (Vlim
5 8.8%); therefore, the variance test does detect the
presence of this interference. This result is consistent
with eq 19 that predicts that an unresolved peak with a
relative abundance of 0.2 (normalized abundance 5
0.166666) that produces an error greater than 10.6 ppm
will, at this resolution, be detected by its effect on the
variance of the peak. To resolve these two peaks with a
50% valley would require a resolution of approximately
23,000; however, from eq 21 we find that the interfer-
ence can be detected by its effect on the peak variance at
a resolution of only 4144.
Figure 8 depicts the maximum undetermined mass
errors that will occur for an instrument with the reso-
lution and confidence limits estimated for the Q-Tof as
a function of the abundance of the interfering peak (as
calculated with eq 19). The dashed line represents a
shift in mass for the combined peak of 5 ppm from the
mass of the analyte. The maximum undetermined error
obtained with the variance test reaches the 5 ppm level
for interfering peaks with relative abundances of just
under 5%. In other words, an interfering peak with a
relative abundance of 5% can shift the mean mass of the
observed peak by over 5 ppm and still not effect the
variance of the peak sufficiently to unequivocally estab-
lish its presence. Interfering peaks with relative abun-
dances greater than 5% have the potential to cause
undetermined mass errors much greater than 5 ppm.
The maximum undetermined errors are generally larger
for the skew test; an undetermined error of greater than
5 ppm can occur as a result of an interference as small
as 3% relative abundance.
Figure 9 shows the resolution required to achieve a
maximum undetermined mass error of 5 ppm (as
calculated with eq 20 for a variance limit of 8.8%) as a
function of the abundance of the interfering peak. The
resolution required to determine the presence of inter-
ferences that will produce mass errors of 5 ppm exceeds
the resolution of the instrument used in this work for
interfering peaks with abundances greater than about
4.4%. To ensure that an interference with a relative
abundance of 0.5 (corresponding to a normalized abun-
dance of 0.3333 in Figure 9) cannot cause an error in the
measured mass greater than 5 ppm without being
detected by a variance analysis requires a resolution of
17,816. Note that this resolution is greater than is often
used in routine high resolution exact mass measure-
ments.
Figure 8. Maximum undetermined errors for variance and skew
analyses at resolution and uncertainty limits of Micromass Q-Tof.
Figure 9. Resolution required to achieve 5 ppm maximum un-
determined error in mass measurement with variance limit 5
8.8%.
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Figure 10 shows the observed monoisotopic [M1H]1
peak for a proprietary drug discovery compound with
an unresolved interference from the m/z 481 peak from
polyethylene glycol (PEG). The mass difference be-
tween the overlapping peaks is 0.1120 Da and the
relative abundance of the interfering peak is about 16%.
Included in Figure 10 are the simulated Gaussian dis-
tribution for a pure peak at the observed mass and the
simulated distribution for the combined peak. The
mean mass (90%) for the observed peak is 27.7 ppm
greater than the mass of the analyte. The variance (90%)
for the observed and the simulated pure peaks are
0.002688 Da2 and 0.001305 Da2. The presence of the
interference increases the variance (90%) of the ob-
served peak by approximately 106%; this interference is
easily detected by the variance (90%). The skew (90%) of
the observed peak is 8.27 3 1025 Da3; this is greater than
the 95% confidence limit for skew (Slim 5 1.44 3 10
25
Da3) so this interference is also easily recognized by a
skew analysis. These results are consistent with the
predicted maximum undetermined errors for an inter-
ference of this abundance and this instrument. For a
16% interference, the variance test should detect any
interfering peak that causes a mass error of 10.4 ppm or
more and the skew test should detect any interference
that causes an error equal to or greater than 17.3 ppm.
Figure 11 shows an example of an unresolved inter-
ference that cannot be determined by analyses of the
peak shape. The analyte is again a proprietary com-
pound and the interference is the [M1H]1 for reser-
pine. The mass difference between analyte and interfer-
ence is 0.0218 Da and the relative abundance of the
interference is about 40%. The observed mass of the
unresolved doublet is 10.0 ppm greater than the mass of
the analyte. The variance (90%) is 3.7% greater than
expected for a pure peak at this mass and the skew
(90%) is 2.6 3 1026 Da3. The deviations in variance and
skew are smaller than the respective confidence limits;
thus, the presence of this interference cannot be estab-
lished by either analysis. This result is also consistent
with eqs 19 and 23. For an interference present at 40%
relative abundance the maximum undetermined errors
are 19.4 ppm for the variance and 53 ppm for the skew
analysis. From eq 21 one can calculate that the resolu-
tion required to detect this interference by its effect on
peak variance is 7800; to resolve these two peaks (50%
valley) would require a resolution of over 45,000.
Conclusions
Analyses of the statistical peak shape parameters, vari-
ance and skew, are an effective and sensitive means for
determining the presence of unresolved interferences.
Unresolved interferences can be detected by their effect
on the mass spectral peak shape at resolutions signifi-
cantly less than would be required to visibly separate
the overlapping peaks. The procedure for determining
the presence of unresolved interferences from the sta-
tistical peak shape parameters and the equations de-
scribing the relationships between the shape of the
unresolved doublet, instrumental parameters, and the
mass measurement errors caused by the interference
have been validated by analyses of hypothetical and
measured unresolved doublets. The relationships pre-
sented here can be used to establish the confidence limit
for exact measurements obtained with a given system
(that is, to determine the maximum undetermined error
in measured mass for a specific instrument) or, con-
versely, to estimate the instrumental parameters re-
quired to obtain a desired level of confidence in the
exact mass measurement or to determine the presence
of a specific interference.
The maximum undetermined error is found to in-
crease with decreasing resolution, to increase with
decreasing precision in the variance and skew measure-
ments, and to increase with increasing relative abun-
dance of the interfering peak. At the resolution and
variance limit exemplified by the TOF mass analyzer
used in these studies, undetectable interference peaks
Figure 10. Observed unresolved doublet; Dm 5 0.1120 Da,
relative abundance of interference 5 16%. Deviation in observed
mass (mc 2 mA) 5 27.7 ppm; deviation in variance (90%) 5 106%,
skew 5 8.27 3 1025 Da3.
Figure 11. Observed unresolved doublet; Dm 5 0.0218 Da,
relative abundance of interference 5 40%. Deviation in observed
mass (mc 2 mA) 5 10.0 ppm; deviation in variance (90%) 5 3.7%,
skew 5 2.6 3 1026 Da3.
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with relative abundances of only a few percent were
found to cause significant errors in the measured mass;
the maximum undetermined error obtained with the
variance analysis reached the 5 ppm level for interfer-
ence peaks only 4.4% as abundant as the analyte peak.
Assuming that the precisions of the variance and skew
measurements are comparable for other low resolution
mass analyzers (i.e., quadrupoles, ion traps, etc.), it
appears that the analysis of peak shape alone will be not
be adequate to eliminate the risk of significant mass
measurement errors resulting from unresolved interfer-
ences at low resolution. However, peak shape analysis
is an effective means of reducing the risk of errors
caused by low abundance interferences in low resolu-
tion exact mass measurements and could complement
many of the alternative methods of detecting interfer-
ences in an overall quality assurance scheme.
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